Summary
Introduction
The cerebellum has been demonstrated to be an essential substrate for the generation of smooth pursuit eye movements. Total cerebellectomy abolishes smooth pursuit eye movements (Westheimer and Blair, 1974) . Recent neurophysiological experiments in the monkey have demonstrated that the flocculus and the posterior vermis, lobules VI-VII (oculomotor vermis), are involved in the generation of smooth pursuit eye movements (Lisberger and Fuchs, 1978; Noda and Suzuki, 1979; Suzuki et al., 1981; Suzuki and Keller, 1988a, b; Stone and Lisberger, 1990) . Lesions of the flocculus or the oculomotor vermis can only partially account for the total loss of smooth pursuit eye movements following total cerebellectomy (Zee et al., 1981; Suzuki and Keller, 1983) . The function of each part of the cerebellum is still not known. In the saccade system the posterior vermis is functionally separated into right and left sides by the midline (Noda and Fujikado, 1987a) . The posterior vermis accelerates saccades in the ipsilateral horizontal direction, and decelerates saccades in the contralateral horizontal direction. It is possible that the posterior vermis controls smooth pursuit in the same manner as the control of saccades. Hashimoto and Ohtsuka (1995) have reported that the oculomotor vermis can be electrically stimulated by a focal transcranial magnetic stimulation (TMS) device through the skull in man, and that stimulation of the right side of the oculomotor vermis during saccades produces hypermetria of rightward saccades and hypometria of leftward saccades. Therefore, such focal TMS would be useful for studying the functions of the oculomotor vermis in the control of smooth pursuit eye movements in man. Here we show that focal TMS of the right side of the oculomotor vermis accelerates smooth pursuit eye movements directed ipsilaterally to the stimulation side (ipsiversive) and decelerates smooth pursuit eye movements directed contralaterally to the stimulation side (contraversive) in man.
© Oxford University Press 1998 eye movements are modulated by TMS, during horizontal smooth pursuit elicited by a step-ramp target with a constant velocity of 15°/s in four normal subjects. The TMS device was triggered after the onset of smooth pursuit during the initial acceleration phase (latency range ϭ 40-80 ms) or the steady-state tracking phase (latency range ϭ 300-340 ms). We investigated the effect of TMS on the velocity and acceleration of smooth pursuit. For smooth pursuit directed ipsilateral to the stimulation side (ipsiversive), focal TMS of the posterior cerebellum produced abrupt acceleration of pursuit in both initial

Methods Subjects
The experiment was conducted in four healthy volunteers. Their ages ranged from 25 to 34 years, with a mean of 27 years. All had a corrected Snellen visual acuity of at least 20/20 in both eyes. Informed consent was obtained from all subjects after the nature of the procedure had been explained. Tenets of the Declaration of Helsinki were followed, and approval was obtained from the Sapporo Medical University human experimentation committee.
Eye movement recording
Horizontal positions of the eyes were recorded by the use of infrared reflection devices (Model TKK 928, Takei, Tokyo, Japan) . In this system the linear range was 25°to either horizontal side of the primary position. This system has a resolution of 0.3°. Transcranial magnetic stimulation pulses did not affect the recording of eye position with this system. The measurements were calibrated based on 10°horizontal displacement before the experiment. The stimulus used for smooth pursuit eye movements was a laser spot projected onto a tangent screen positioned 1.5 m in front of the subject. A light-emitting diode (LED) embedded in the tangent screen was used as the initial fixation target. The sizes of the laser spot and the LED were~4 and~6 minutes of arc, respectively. The laser spot appeared 4-6°left or right of the initial fixation target immediately after the disappearance of the initial fixation target. The laser spot was then moved to the right or the left at a constant velocity of 15°/s. The subject was instructed to fixate the moving target after the disappearance of the initial fixation target. Throughout the experiment the subject was seated on a chair in total darkness, and the chin, brow and head were tightly fixed on a frame. The extent of head immobilization was sufficient to prevent drifts of recordings generated by head movement. 
Stimulation
Focal TMS was delivered by a Nihon Koden SMN-1100 (Tokyo, Japan) with a peak flux density of 1.5 T through a 'figure-of-8' magnetic coil. The magnetic coil had two circular sides, each 5 cm in diameter. The electrical field induced by this coil was maximal beneath the centre of the figure of 8 Roth et al., 1991) . Use of this type of coil allowed us to stimulate a very small area of the cortex less than~1 cm in diameter Roth et al., 1991) . The coil placed over the occiput would not be likely to stimulate structures much deeper than 2 cm; i.e. the cerebellum (at least 1.5 cm deep) would be preferentially stimulated rather than the brainstem (at least 3.0 cm deep) (Amassian et al., 1992) . The centre of the coil was attached to the skull~7 mm to the right of and caudal to the inion, where the right side of the oculomotor vermis could be stimulated (Hashimoto and Ohtsuka, 1995) . Pulses of TMS were always applied with 80% of the maximal intensity through the figure-of-8 coil. The experiment was carried out for~15 min under each experimental condition, and the subject was permitted to rest for at least 15 min between each experiment. The total number of TMS pulses was no more than 40 for each subject.
The TMS was triggered after the onset of smooth pursuit eye movements during the initial acceleration phase (latency range ϭ 40-80 ms) or the steady-state tracking phase (latency range ϭ 300-340 ms). For this purpose, eye position signals were digitized during the period from 0 to 600 ms after the appearance of the laser spot by a computer at a sampling rate of 500 Hz, and the trigger signal for the TMS device was produced by a computer. The onset of smooth pursuit was defined as the moment when the smooth pursuit velocity reached 3°/s. After the experiment had been performed in each subject the stimulation site was identified by MRI in each subject. For this purpose the stimulation site was marked with a marker that produced a high signal intensity on the T 1 -weighted image of MRI.
Data analysis
Target and eye position signals and trigger pulses of TMS were recorded with a data recorder for later analysis, and were also displayed on a thermal rectilinear polygraph during the experiment. Data were digitized by a computer with a sampling rate of 500 Hz. We analysed the eye position, velocity and acceleration of ipsiversive and contraversive smooth pursuit eye movements with and without TMS of the oculomotor vermis. In each subject the average time course of smooth pursuit eye movements was calculated from 20 
Results
Smooth pursuit eye movements were modulated by focal TMS of the same site as shown in a previous study (Hashimoto and Ohtsuka, 1995) . MRI findings were consistent with this site. This site was located~7 mm lateral and caudal to the inion, and did not extend more than~1 cm lateral to the midline. The marker was located on the right side over lobule VII of the vermis in all subjects. The effect of TMS on smooth pursuit eye movements was indistinct if the stimulation site was Ͼ5 mm from this position. The effect of TMS on smooth pursuit was dependent upon the direction of movement in the horizontal plane. For smooth pursuit directed ipsilaterally to the stimulation side (ipsiversive), focal TMS of the posterior vermis produced abrupt acceleration of pursuit in both the initial acceleration phase and the steady-state tracking phase. On the other hand, TMS produced abrupt deceleration of contraversive pursuit in both the initial acceleration phase and the steady-state tracking phase. All subjects exhibited acceleration and deceleration of ipsiversive and contraversive smooth pursuit by TMS of the posterior vermis, respectively. Figure 1 shows recordings of eye positions, velocities and accelerations during ipsiversive (rightward) smooth pursuit eye movements with and without focal TMS of the right side of the oculomotor vermis. The TMS was triggered with a latency of 60 ms (initial acceleration phase) (see centre panel of Fig. 1 ) or 320 ms (steady-state tracking phase) (see right panel of Fig. 1 ) after the onset of smooth pursuit eye movements with a constant velocity of 15°/s, for investigation of the effects of TMS of the oculomotor vermis during the initial acceleration phase and the steady-state tracking phase of smooth pursuit eye movements. Ipsiversive smooth pursuit eye movements were markedly accelerated following focal TMS of the posterior vermis during either of these phases. Figure 2 shows recordings of eye positions, velocities and accelerations during contraversive (leftward, 15°/s) smooth pursuit eye movements with and without focal TMS of the right side of the posterior vermis. The TMS in this case was also triggered with a latency of 60 ms (initial acceleration phase) (see centre panel of Fig. 2 ) or 320 ms (steady-state tracking phase) (see right panel of Fig. 2) . In contrast to the ipsiversive smooth pursuit eye movements, the contraversive movements were markedly decelerated and directed transiently towards the opposite direction following focal TMS of the oculomotor vermis during either of these phases. Figure 3 shows recordings of eye accelerations of ipsiversive (left panel) and contraversive (right panel) smooth pursuit eye movements in the initial acceleration phase. Eye accelerations with and without focal TMS are superimposed in each panel. The oculomotor vermis was subjected to TMS during the initial acceleration phase. The mean latency from the onset of TMS to the onset of accelerative changes over 10°/s/s from the average time course (onset latency) was 24.0 Ϯ 5.4 ms (mean Ϯ SD, n ϭ 48). The accelerative changes evoked by TMS reached a peak at 84.8 Ϯ 12.8 ms (n ϭ 52) after the onset of TMS (peak latency). In steadystate tracking phase, the mean onset latency was 32.1 Ϯ 11.6 ms (n ϭ 40). The mean peak latency was 107.7 Ϯ 5.3 ms (n ϭ 40). Neither the onset latency nor the peak latency was significantly different between ipsiversive and contraversive movements.
Discussion
These findings suggest that the posterior cerebellum in man is involved in the acceleration of ipsiversive smooth pursuit eye movements and the deceleration of contraversive movements. The effective area of TMS was confined within an area near the inion and near the midline, and did not extend more than~1 cm lateral to the midline. This site was the same area as the optimal stimulation site for evoking dysmetric saccades (Hashimoto and Ohtsuka, 1995) . It is therefore probable that the effective area in this study corresponded to the oculomotor vermis.
In the saccade system the posterior vermis is functionally separated into right and left sides by the midline (Noda and Fujikado, 1987a) , and Purkinje cells in either side of the posterior vermis project only to the ipsilateral fastigial nucleus (Yamada and Noda, 1987) . The horizontal component of saccades evoked by stimulation of the vermis is always directed ipsilaterally to the stimulation side in the oculomotor vermis of the monkey (Noda and Fujikado, 1987b) . The posterior vermis accelerates ipsiversive saccades and decelerates contraversive saccades by inhibition of the neuronal activity of the fastigial nucleus (Keller et al., 1983; Noda, 1991a, b, 1995; Ohtsuka et al., 1994; Hashimoto and Ohtsuka, 1995) . The present findings confirm that in man the posterior vermis is involved in the control of smooth pursuit eye movements in the same fashion as in the saccade control system.
Purkinje cells that exhibit activities related to saccades have been found in the oculomotor vermis (Kase et al., 1980; McElligott and Keller, 1982; Ohtsuka and Noda, 1995) . Purkinje cells that exhibit pursuit-related activities have also been found in the oculomotor vermis (Suzuki and Keller, 1988a, b; Suzuki et al., 1981) . The Purkinje cell axons arising from the oculomotor vermis terminate almost exclusively in a region protruding dorsocaudally from the fastigial nucleus, a region which has been designated as the fastigial oculomotor region (Yamada and Noda, 1987) . We reported that saccaderelated neurons were located exclusively in this region (Ohtsuka and Noda, 1991b) . Pursuit-related or eye positionrelated neurons have also been found in the rostral part of the fastigial oculomotor region (Buttner et al., 1991; Ohtsuka and Noda, 1991b; Fuchs et al, 1994) . Pursuit-related neurons in the fastigial nucleus prefer eye velocity in contralateral directions. Figure 4 shows simplified diagrams of the horizontal pursuit generator. Stimulation of the oculomotor vermis elicits marked inhibition of the neuronal activities of fastigial cells (Ohtsuka and Noda, 1991a, b) . Therefore, pursuit-related Purkinje cells in the right side of the oculomotor vermis may inhibit the activity which accelerates leftward smooth pursuit of the right fastigial nucleus. Axons arising from the right fastigial nucleus decussate within the cerebellum and terminate primarily in the left medial vestibular nucleus (MVN) and the left prepositus nucleus (PN) (Noda et al., 1990) , which are involved in the control of smooth pursuit (Lopez-Barneo et al., 1982; Escudero et al., 1992; McFarland and Fuchs, 1992) . Most of the pursuit-related cells in the MVN show increased firing for contraversive eye movement (Lisberger, 1994) . Pursuit-related fastigial cells inhibit pursuit-related MVN or PN cells through inhibitory cells. It is therefore possible that outputs from the right fastigial nucleus finally activate the left abducens nucleus and inhibit the right abducens nucleus. On the other hand, Purkinje cells in the flocculus project to the ipsilateral MVN and the PN (Langer et al., 1985) , and accelerate ipsiversive smooth pursuit eye movements (Lisberger and Fuchs, 1978; Stone and Lisberger, 1990) . The gaze velocity signal from floccular Purkinje cells could be used in a positive feedback loop with a brainstem structure generating eye velocity commands to form the velocity integrator (Lisberger et al., 1987) , which is assumed to be located in the MVN and the PN (Cannon and Robinson, 1987) . The output signal from right vermal Purkinje cells may inhibit this positive feedback loop in the left side through the inhibitory effect on the fastigial nucleus.
We indicated above that focal TMS of the oculomotor vermis can modulate the velocity of smooth pursuit during both the initial acceleration phase and the steady-state tracking phase. Recent neurophysiological studies in the monkey have demonstrated that while floccular Purkinje cells only encode gaze velocity during steady-state tracking of a target, Purkinje cells in the oculomotor vermis encode both gaze velocity and retinal slip velocity (Suzuki and Keller, 1988a, b; Stone and Lisberger, 1990) . The sum of the gaze and retinal slip velocities represents the target velocity. These findings suggest that the flocculus is mainly involved in the motor aspects of maintaining ongoing smooth pursuit with a constant velocity, whereas the oculomotor vermis may exert its influence on the smooth pursuit system when retinal slip is high, i.e. during rapid changes in target velocity (Keller and Heinen, 1991) . Fuchs et al. (1994) suggest that the caudal fastigial nucleus may play a prominent role both in the initial acceleration of smooth pursuit and in its maintenance. Purkinje cells in the oculomotor vermis may modulate pursuit velocity both in the initial acceleration phase and in the steady-state tracking phase through the fastigial nucleus, when target velocity is abruptly changed. The results of the present study support this hypothesis.
